Agonist occupancy of muscarinic cholinergic receptors in human SH-SY-5Y neuroblastoma cells elicited two kinetically distinct phases of phosphoinositide hydrolysis when monitored by either an increased mass of inositol 1,4,5-trisphosphate, or the accumulation of a total inositol phosphate fraction. Within 5s of the addition of the muscarinic agonist, oxotremorine-M, the phosphoinositide pool was hydrolyzed at a maximal rate of 9.5%/min. This initial phase of phosphoinositide hydrolysis was short-lived (t~/z = 14s) and after 60s of agonist exposure, the rate of inositol lipid breakdown had declined to a steady state level of 3.4%/min which was then maintained for at least 5-10 min. This rapid, but partial, attenuation of muscarinic receptor stimulated phosphoinositide hydrolysis occurred prior to the agonist-induced internalization of muscarinic receptors.
INTRODUCTION
Relatively little is known of the molecular mechanisms that underlie the regulation of inositol lipid turnover in the central nervous system despite the fact that more pharmacologically distinct receptors operate via phosphoinositide (PPI) hydrolysis than through any other known signal transduction mechanism. Our recent studies of the regulation of PPI turnover have utilized two human neuroblastoma cell lines (SK-N-SH and its neuroblast subclone, SH-SY-5Y), both of which possess PPIlinked muscarinic cholinergic receptors (mAChRs) at densities comparable to those found in the central ner-vous system. In these cells (1, 2) and in other neural tissues (3) (4) (5) (6) , mAChR-stimulated PPI turnover, as monitored by a release of radiolabeled inositol phosphates, appears not to readily desensitize, i.e., it proceeds continuously for an extended time period (30-60 min). The eventual loss of functional response is triggered by an agonist-induced sequestration and down-regulation of cell surface mAChRs (1, 7) .
To evaluate further the apparent refractoriness of mAChR-stimulated PPI hydrolysis to desensitization, in the present study we have examined the rapid kinetics of PPI hydrolysis in SH-SY-5Y neuroblastoma, a cellline which possesses a relatively homogeneous population of mAChRs of the m3 subtype (2, 8, 9) . We report here that activation of mAChRs on these cells elicits two kineticalIy distinct phases of PPI hydrolysis. A rapid initial phase of mAChR-stimulated inositol lipid breakdown, which was previously unrecognized, occurs during the first few seconds of agonist exposure and results in the hydrolysis of the inositol lipid pool at a maximal rate of 9.5%/min. This initial component of stimulated PPI hydrolysis is followed by a slower but more sustained phase of inositol lipid breakdown which proceeds at a rate of approximately 3.4%/min. The rapid, but partial, attenuation of PPI hydrolysis in response to mAChR activation occurs prior to mAChR internalization and may represent an important early adaptive response to chronic agonist stimulation.
EXPERIMENTAL PROCEDURE
Materials. SH-SY-5Y neuroblastoma cells were obtained from Dr. June Biedler, Sloan Kettering Institute, New York. The source of SK-N-SH cells was as previously described (10 (142 mM NaCt, 5.6 mM KCI, 2.2 mM CaClz, 3.6 mM NaHCO3, 1 mM MgCI2, 5.6 mM D-glucose, 30 mM sodium HEPES buffer, pH 7.4). Cells were then resuspended in buffer A containing LiCI (final concentration, 20 mM) and preincubated for 2 min at 37~ prior to the addition of either 1 mM Oxo-M and/or 50 txM atropine (final volume, 0.5 ml). Both the accumulation of [3H]inositol phosphates (IP) in the presence of Li +, and incorporation of radiolabel into a total inositol lipid fraction (IPL) at time zero, were monitored as previously described (1) . Radiolabeled phospholipids [phosphatidylinositol 4,5-bisphosphate (PIP2); phosphatidylinositol 4-phosphate (PIP) and phosphatidylinositoI (PI)] were extracted from the trichIoroacetic acid precipitates, separated by thin layer chromatography and quantitated as previously described (12) . Rates of PPI hydrolysis were calculated as (AIP/IPL) • 100%, where AIP = [3H]IP released/rain at specified time points. Protein was determined by the method of Geiger and Bessman (13) . Students t tests were used to evaluate the statistical differences of the means of paired or unpaired sets of data. The curves for the rate of [3H]IP accumulation and breakdown of [3H]PIP2 were fitted by a non-linear least squares regression analysis assuming an exponential decay (GraphPad InPlot). The t~/2 values quoted reflect the time required for half-maximal reduction in the initial rate of stimulated pH]IP formation (Fig. 2B ) or half-maximal breakdown of radiolabeled PIPz initially present (Fig. 3) . 
RESULTS

I(1, 4, 5)P~ Mass
Measurements. The addition of 1 mM Oxo-M to SH-SY-5Y cells resulted in a rapid, but transient, 4-5 fold increase in the mass of I(1,4,5)P3 within 5-10s. By 60s the net accumulation of I(1,4,5)P3 had declined to approximately 35% of that attained during the first few seconds of agonist addition. Thereafter, the amount of I(1,4,5)P3 remained constant for up to 5 min of agonist exposure (Fig. 1) .
Accumulation of a Total Inositol Phosphate Fraction. Because the rapid decline in I(1,4,5)P 3 mass could reflect a diminished rate of synthesis or an increased metabolism, we also monitored PPI hydrolysis by means of the accumulation of a total inositol phosphate fraction (IP) in the presence of Li + (1). Under these conditions, the addition of 1 mM Oxo-M to SH-SY-5Y cells that had been prelabeled to isotopic equilibrium with [3H]inositol resulted in a rapid release of [3H]IP, the time-course of which was curvilinear over the initial 60s following agonist addition ( Fig. 2A) . However after this time, Oxo-M-stimulated [3H]IP formation proceeded Iinearly for the next 9 rain ( Fig. 2A-inset) . When atropine (50 ~M) was added to ceils that had been incubated in the presence of Oxo-M for 3 rain, the subsequent [3H]IP formation was blocked, but accumulated radiolabel did not decline over the next 30 rain indicating that Li § fully inhibited the degradation of pressed relative to radioactivity present in the inositoI lipid fraction. From the rate of [3H]IP formation obtained after 5s of agonist addition, a PPI breakdown rate of 9.5%/min was calculated. After 60s of agonist addition, the rate of stimulated PPI hydrolysis had declined to 3.4%/min (h/2 = 14s), and thereafter remained constant (Fig. 2B) . Under basal conditions (absence of agonist), the rate of PPI hydrolysis was 0.06%/rain. Additional experiments were also performed with the parent cell line, SK-N-SH, which we have previously used for studies of mAChR regulation (1,7). As observed for SH-SY-5Y cells, the rate of PPI hydrolysis observed after 5s of agonist addition was significantly greater than that obtained after 60s (13.0 _ 4.3 vs 5.0 _+ 1.5%/min, p < 0.05, n = 4).
Inositol Lipid Breakdown. The addition of 1 mM Oxo-M to SH-SY-5Y cells that had been labeled to isotopic equilibrium with [3H]inositol also resulted in a rapid breakdown of [3H]PIP2 (tl/2 = 12s). Sixty seconds after agonist addition, however, a new steady state of [3H]PIP2 label was achieved and maintained for up to 5-10 rain (33% of that observed at zero time; Fig. 3 ). The net loss of radiolabel from PIP (33%) and PI (7%) was less marked and occurred more slowly than that observed for PIP 2. The maintenance of radiolabel in PI following continuous agonist exposure may reflect its resynthesis and the utilization of residual free [3H]inositol present in the cells. Because the majority (94%) of label present in the inositol lipids was recovered in the relatively stable PI fraction, radioactivity associated with the total inositol lipid fraction was reduced by < 10% during the course of the incubations.
mAChR Sequestration in SH-SY-5Y Cells. To determine whether the rapid attenuation of PPI hydrolysis was related to sequestration of cell surface mAChRs (7), the time course of Oxo-M-mediated loss of [3H]NMS sites was monitored. No significant loss of [3H]NMS sites occurred before 5 rain of exposure of the cells to the agonist whereas a maximum sequestration (47 _+ 2%, n = 3) was observed after 30 rain (Fig. 4) . Little or no loss of total mAChRs (as revealed by measurement of [3H]QNB binding sites) occurred at any of the time points examined (8 -5% at 30 min, n --3).
DISCUSSION
The principal conclusion to emerge from the present study is that two kinetically distinct phases of PPI hydrolysis result from agonist occupancy of mAChRs in human SK-N-SH and SH-SY-5Y neuroblastoma cells, i.e., an initial rapid phase that, presumably due to its transient nature, was not previously identified (1,2) and a secondary slower but sustained rate of inositol lipid hydrolysis. The biphasic kinetics of mAChR-stimulated PPI hydrolysis were evident from measurement of both I(1,4,5)P3 mass, and the rate of accumulation of a total inositol phosphate fraction. However, the transient nature of the 4--5 fold increase in I(1,4,5)P 3 mass observed within 5-15s of muscarinic agonist addition in this and a previous study (11) could reflect either a subsequent reduction in the rate of I(1,4,5)P 3 synthesis, or an increased rate of its metabolism. In this context, previous studies with non-neural cells have indicated that agoniststimulated [3H]IP formation can proceed steadily under conditions in which little or no net formation of I(1,4,5)P3 is detected (15, 16) . In SH-SY-5Y cells, attenuation of the rate of mAChR-stimulated PPI hydrolysis was more unequivocally demonstrated by the rapid reduction in the rate of [3H]IP formation ( Fig. 2A,B) , since this measurement is independent of the further metabolism of I(1,4,5)P 3 and monitors the continuous accumulation of products (1) . The rate of Oxo-M-stimulated [3H]IP accumulation monitored after 5-15s of agonist exposure consistently exceeded that observed at 60s or thereafter by 2-3 fold. The similarities in the kinetics of the accumulation of both [aH]IP and I(1,4,5)P3 mass provide strong evidence that changes in the rate of mAChR-stimulated PPI hydrolysis (rather than in the breakdown of I(1,4,5)P3) account for the rapid attenuation of enhanced inositol lipid turnover in these cells. It should be noted that the time period in which the rate of mAChR-stimulated PPI hydrolysis is highest, i.e., approx. 5-10s after agonist addition, is also that time at which the receptormediated increases in intracellular Ca 2+ (2, 11, 17) and release of inositol lipid-derived diacylglycerols (18) are also maximal.
Although evidence is currently lacking, the reduction in m3 mAChR-stimulated PPI hydrolysis in SH-SY-5Y cells could conceivably reflect a phosphorylation of the m3 receptor (19) , as has also been observed for the m 2 mAChR linked to adenylyl cyclase activity in heart (20) . Alternatively, because the rate of PPI hydrolysis increases more than 150-fold within 5s of Oxo-M addition (0.06 to 9.5%/min, see Fig. 2B ), depletion of the available PIP2 substrate may account for the subsequent reduction in the rate of inositol lipid breakdown. Although interpretation of changes in [3H]PIP2 is complicated by the simuitaneous occurrence of both lipid degradation and resynthesis, it is noteworthy that the tt/2 for Oxo-M-stimulated [3H]PIP2 breakdown (12s) closely matched that obtained for the attenuation of the rapid phase of [3H]IP formation (14s). PIP2, which is formed from the sequential phosphorylation of PI and PIP, is the primary substrate for PPI hydrolysis (12) . However, it comprises only 2-3% of the total inositol lipid pool in SH-SY-5Y cells, and thus under conditions in which the latter is hydrolyzed at a rate of 9.5%/min, the entire PIP2 pool must be renewed every 13-19s . Under these conditions, the activities of PI-and PIP kinases may become rate-limiting and insufficient to replenish the PIP2 pool. An additional consideration is that agonist sensitive and -insensitive pools of inositol lipid may exist (21) , in which case the turnover of the relevant pool of PIP2 may be even more rapid. In contrast, the resynthesis of [3H]PI is maintained even under conditions in which inositol reutilization might be comprised, i.e., prolonged agonist administration in the presence of Li + (1). Thus, inositol availability appears not to be rate-limiting, a conclusion consistent with the reportedly high intracelMar concentrations of inositol (approx. 6 mM) present in these neuroblastoma cells (22) . Whatever the precise REFERENCES mechanism for the attenuation of PPI hydrolysis, it appears unrelated to the internalization of mAChRs. Although the latter is the precursor of receptor down regulation and desensitization of stimulated PPI hydrolysis following long-term agonist exposure (1,7), the rapid attenuation of PPI hydrolysis observed in the present study occurs prior to, and thus is independent of, the redistribution of cell surface mAChRs.
In summary, the present results indicate that the rate of muscarinic agonist-stimulated PPI hydrolysis in SH-SY-5Y cells undergoes a rapid, but partial, attenuation. This change in mAChR responsiveness may represent an early adaptive phase in PPI-mediated signal transduction not previously recognized in these cells.
